Micro Aerial Vehicles (MAVs) are an emerging class of uninhabited aerial vehicle (UAV). Their reduced scale (maximum dimension of approximately 150 mm) provides advantages in terms of advanced mission capabilities, such as wildlife monitoring and urban search and rescue. This introduces the design challenge of flying efficiently at very low Reynolds numbers (e.g. Re<10000). To date, three basic MAV design concepts have been developed: fixed, rotary and flapping wings. Each approach has been met with limited success due to gust stability, flight control and propulsive efficiency. The design of both fixed and rotary wing aircraft is relatively mature, whereas flapping wing design is in its infancy and therefore its viability cannot yet be assessed. Nonetheless flapping wing MAVs have the potential to offer advantages such as stealth, manoeuvrability, and improved propulsive efficiencies. This paper focuses on the challenging problem of the manufacture and testing of flapping wings for MAVs. A review of the current state of flapping wing aerodynamics, manufacturing, and wing structures is provided. A detailed assessment of the aerodynamic performance of flexible MAV-scale wings was carried out. Aerodynamic force measurements were collected using a spin rig to assess the effect of design details on lift generation. It was found that a simple three-vein wing structure manufactured using a fused filament fabrication 3D printer could produce lift forces close to those of natural insect wings. The lift and stall performance was found to be sensitive to chordwise stiffness by testing wings without veins. These results demonstrate that it is possible to produce low cost biologically inspired wings with aerodynamic performance equal to or better than natural wings -a critical step on the path to a functional and practical flapping wing MAV. 
NOMENCLATURE

INTRODUCTION AND BACKGROUND
Micro aerial vehicles (MAVs) are a class of uninhabited aerial vehicles (UAVs) generally defined as being smaller than 150 mm in wingspan with a maximum take-off weight of 100 g (MTOW). As will be described in the subsequent parts of this paper, numerous design approaches have been attempted for this type of platform -almost as many configurations as there are potential uses for these vehicles. Fixed wing, rotary wing and flapping wing concepts have all been developed and tested with varying degrees of success. Large fixed wing aircraft can trace their lineage to observations of birds in flight. However, over centuries of experimentation it became apparent that flapping wings simply would not be practical or efficient for large, fast moving air vehicles. Once this shift in thinking took place it was only a matter of time before aircraft pioneers developed the right combination of powerplant, airfoil, propeller and lightweight airframe to achieve manned, controlled powered flight. For small MAVs that generally operate in a different aerodynamic regime (unsteady flow and low Reynolds numbers) a new design paradigm is required -one in which engineers look to nature for design inspiration. The animal world provides literally millions of examples of small, efficient, flapping-winged fliers from the insects (Class: Insecta), birds (Class: Aves) and mammals (Class: Mammalia, Order: Chiroptera = bats). For small air vehicles the authors propose that it is necessary to return to nature and once again consider flapping wing flight as the best approach for efficient lift and thrust generation.
BIOLOGICALLY INSPIRED DESIGN OF FLAPPING WING MAVS 2.1 Biological Inspiration versus Biological Mimicry
In order to overcome the challenges of flight at small scales, many researchers have looked to birds and insects for inspiration, and for good reason, since all living creatures capable of sustained, non-gliding flight use flapping wings. However, it is important to distinguish biological inspiration (bio-inspired) from biological mimicry (biomimetic). A biomimetic design attempts to copy nature's solution, while a bio-inspired design may begin with concepts found in nature, but will ultimately attempt to improve upon it. A classic example is the ground locomotion problem: Looking to nature suggests the use of hopping, sliding, slithering, or crawling. Experience tells us that a wheel is often the most efficient design for ground-based locomotion; however, we do not see wheeled creatures in nature [1] .
Biological organisms change through time (evolve) via the process of natural selection. Although natural selection may 'select' the 'fittest' organisms from generation to generation over millions of years, evolution rarely produces optimal designs. Constraints, such as an organism's evolutionary history, conflicting functional demands, properties of biomaterials, etc, means that organisms tend toward sufficient solutions to challenges and not necessarily optimal solutions. Engineered solutions are not so constrained and thus have the potential to greatly improve upon nature's examples of powered fliers.
Review of Flapping Wing Aerodynamics
The principles of insect flight investigated in this research are generally based on "normal" or "typical" insect flight, while many of the unique and highly specialized insect wings of some insect species are deliberately ignored. These highly specialized wing designs include ornamentation used for courtship and mating displays, forewings which serve as protective shells (e.g. beetle elytra), and the modifications of wings into sensory organs (e.g. fly halters) [2] . There are many excellent reviews of insect flight -some tailored specifically to MAVs [1] [2] [3] [4] [5] [6] [7] [8] . This present paper presents a further summary of the primary aerodynamic mechanisms of interest to the MAV designer and in the context of a notional MAV design.
At the MAV and insect scales, Reynolds numbers range from 100 -10,000 [2] . In this range, conventional larger scale airfoil performance deteriorates due to several effects:
1. lower lift coefficient, which means lower load carrying capability; 2.
higher drag coefficient, which means high motive power input; and 3.
flow separation on the wing, which means stall at low angles of attack, thus reducing the wing's performance and manoeuvrability. Therefore, conventional fixed and rotary wings and propellers are less efficient for flight at the MAV scale [9] . Lift and thrust are achieved more efficiently through the use of unsteady lift mechanisms at the low Reynolds numbers experienced at the MAV scale. These mechanisms are described in the subsequent sections.
Birds and Bats versus Insects
While all creatures capable of powered flight use flapping wings, it is important to distinguish between the flapping flight of birds and bats and that of insects. In one of the more clear distinctions, birds and bats have muscles and articulated joints, allowing the shape of the wings, including wing length, to be actively controlled in flight; whereas insect wings are passive structures with no intrinsic muscles or articulated joints within the wings, permitting minimal active wing shape control in flight. However, the absence of actively controlled insect wing structures does not necessarily imply that insect-scale MAVs cannot benefit from actively controlled wings through the use of "smart" materials such as piezoelectric and electro-active materials as a means for flight control, sensing, and/or energy harvesting.
There is another major distinction between insects and other larger flying animals that relates to both size and aerodynamics. Micro aerial vehicles with a wingspan of 15 cm are on the boundary between two categories of flying creatures: (a) small flyers that are capable of hovering, but not gliding; and (b), larger flyers that are capable of gliding, but not hovering. Consequently, the way that flapping wings are used to achieve flight differs between these two regimes. It is evident in nature that as the size and weight of a flying animal decreases, the greater the proportion of lift generated from flapping versus soaring [9] . One can observe that large birds generally only flap their wings for thrust and manoeuvring, such as when taking off or flying into a headwind, while small birds, bats, and virtually all insects tend not to glide, but flap their wings almost continuously to produce both lift and thrust. One reason for this is that as size decreases, flapping wings are more efficient at generating lift than non-flapping wings [9] [10] [11] .
MAVs fall within the unsteady-state regime where wing tip speed is greater than air speed and thus flapping becomes the primary flight mode. Flapping wings in this regime have an aerodynamic advantage over fixed and rotary wings because they benefit from unsteady, low Reynolds number flows (<15,000) experienced at this scale by extracting additional energy from the flow [7] . These mechanisms are discussed in further detail in the following sections.
Aerodynamics of Flapping
This section presents the basic principles behind flapping wing flight, including the kinematics of wing flapping and a description of the various unsteady lift mechanism that are employed by insects.
Scaling and Reynolds number
Despite the vast number of insect species, which range in weight from 20-30 µg to 40-50 g, insect wing geometries show a general trend [2] . On average, wing area scales with body mass with a mass exponent of 2/3 (wing area is proportional to M b 2/3 ), while flapping frequency scales with body mass with a mass exponent of -1/4 (flapping frequency is proportional to M b -1/4 . Similar to large aircraft, the aerodynamics of flapping wings is dependent on the Reynolds number, Re, which is defined as the ratio between inertial forces and viscous forces in a fluid. For flapping flight, Reynolds number can be defined by: (1) where Φ is the wingbeat amplitude in radians, n is the wingbeat frequency, R is the wing length, ν is the fluid's kinematic viscosity, and A R is the wing aspect ratio. For large insects, Re is generally between 5000 and 10,000, but can be as low as 10 for the smallest insects [2] .
Flapping Wing Kinematics
A wing stroke consists of four distinct phases: two translational phases, the upstroke and downstroke, and two rotational phases, when the wing pronates and supinates, following the upstroke and downstroke respectively [5] . The wing stroke cycle is illustrated in Figure 1 for a notional MAV with a biomimetic flapping cycle based on that described by Pines and Bohorquez [5] for insects. During each phase, leading edge (LEV), trailing edge (TEV) and shear layer (SLV) vortices are produced and shed. These vortices enhance the net lift production of the flapping wing. As mentioned above, both the size and corresponding Reynolds numbers vary greatly among insects, and the specific manner in which different species fly can also vary. However, the study of a wide range of insects has shown that wing motion follows a general pattern that can provide insight into what can be considered "normal" flapping flight for the purposes of MAV design [2] .
The wing tip path for a notional MAV in flight is shown in Figure 2 as adapted from bumblebee flight described by Ellington [2] . In hover, the stroke plane is horizontal, with the upstroke and down stroke being symmetric, which provides lift but no thrust. Between each stroke, the wing rotates (pronates and supinates) and the wing's anatomical upper surface becomes the aerodynamic lower surface during the upstroke.
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As the MAV transitions to forward flight, the upper body tilts forward and the advance ratio increases. The advance ratio, J, is a dimensionless measure of speed often used in comparative analysis of flapping flight, and is equal to the forward flight velocity divided by the mean wingtip speed [2] . Similar to a helicopter, the stroke plane tilts forward with the body and the wing downstroke generates nearly all of the lifting force and some of the thrust, while the upstroke generates only thrust [2] . At maximum speed, the downstroke angle is such that a net vertical force is generated, while the upstroke angle becomes nearly vertical.
As the notional MAV flight speed changes, the upper body tilts forward until it is nearly horizontal at top speed, presumably to reduce drag. In general, flapping frequency remains relatively constant, however the wingbeat amplitude, ??, decreases with speed.
During hovering and slow flight, the insect's or notional MAV's low centre of mass provides passive pendulum stability. Control is achieved primarily by tilting the stroke plane much like a helicopter [2] . Additional roll control is achieved by increasing the flapping frequency and/or the angle of attack of the outside wing, while pitch is achieved by shifting the centre of lift fore or aft. Finally, yaw has been shown to be achieved through the insect "paddling" on one side, where a high angle of attack on one wing creates excessive drag; however, in some insects, such as locusts, the abdomen may also be used as a rudder in flight [2] . 
Clap -fling
The first high-lift generating aerodynamic mechanism described for insects was the clap-fling in which the left and right wings of the insect are 'clapped' together at the end of the upstroke and 'flung' apart during the start of the downstroke [12] . As the wings fling open, an air vortex around the wing is generated by the inflow of air into the space between the wings. This increases air velocity over the top surface of the wing, thus generating lift. This clap-fling mechanism, illustrated in Figure 3 , has been observed in many small insects, as well as butterflies and moths in order to produce as much as 25% more lift than with the typical wing motions described previously [2] . The notional MAV in Figure 3 is used to illustrate how the clap-fling mechanism generates a rotational, lift-enhancing flow around the wings of the MAV. This lift augmenting approach has been employed in several flapping wing MAV designs, such as the Mentor [13] and Delfly [14, 15] MAVs. It has been shown that wings employing clap-fling showed up to a 35% increase in thrust-to-power ratio [13] ; however, the clap-fling mechanism was likened to the "after-burner" of flapping flight, and should not be relied upon as a primary source of lift in normal flight due to its inefficiency. Furthermore, the clapping action of the wings results in significant wear and damage on the wings. Alternatively, the same net increase in lift could be achieved through larger wings or increased flapping frequency [2] . 
Dynamic Stall
While the clap-fling has been shown to provide increased lift, it is not widely used in nature [2] . Dynamic (or delayed) stall is observed on the wings of most insects enabling the wings to operate at relatively high angles of attack while producing extra lift. A leading edge vortex (LEV) is created during the downstroke, initiated by air swirling around the wing's leading edge, enhancing lift. The LEV occurs primarily on thin wings with sharp leading edges at high angles of attack [2] . This additional lift can be sustained for the entire downstroke if the LEV interacts with a spanwise flow, as has been observed for the hawkmoth Manduca sexta [2] , which has a spiral leading edge vortex that remains attached and prolongs the lift benefit during the downstroke.
Other Unsteady Mechanisms
While delayed stall can explain the lift generation required to support the insect's weight beyond that predicted by conventional aerodynamic theory, it does not provide an explanation for the high lift forces generated by insects that can exceed twice their body weight [5] . Other unsteady lift mechanisms, such as rotational circulation, wake capture, and bound circulation, have also been proposed [5] ; however, these mechanisms and how forces are generated in flight are not yet fully understood. Nevertheless, insight into the unsteady aerodynamics of flapping flight has been gained in order to better understand the requirements for flapping MAV design. A thorough understanding of the aerodynamics of flapping wing flight is essential for the design and optimization of flapping wings for MAVs; however, the wing structure plays an equally important role in flapping-wing flight as does selection of an appropriate biological analogue from which to derive MAV concepts.
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The African Migratory Locust as a Biological Analogue
By directly studying the geometric and structural properties of real insect wings, valuable insight can be gained to facilitate the design of artificial flapping wings. More specifically, the hind wing properties of the African migratory locust (Locusta migratoria), shown in Figure 4 , were used in this research as a basis for comparison for geometric and aerodynamic properties. Other insects, such as dragonflies (Order: Odonata), hawk moths (Order: Lepidoptera, Family: Sphingidae) and bumblebees (Order: Hymenoptera, Genus: Bombus) were considered for this study; however, the African migratory locust was chosen as a biological analogue for several reasons: 1. it is a relatively large insect, and therefore in many cases the wings and properties do not need to be scaled to make manufacturing and testing tractable; 2.
it is a well-mannered insect that does not bite or sting (friendly to engineers); 3.
it is a migratory insect with relatively high efficiency in long distance forward flight; and 4.
Carleton University's Department of Biology has a readily accessible colony of live locusts available to study, as well as expertise in the principles of locust flight. Furthermore, the African migratory locust, and related desert locust (Schistocerca gregaria), has been studied extensively and provides a good basis for comparing the properties and performance of fabricated MAV wings [16] [17] [18] [19] [20] . It has been shown that the hindwing is responsible for c. 70% of the total lift, and c. 75% of the total thrust generated by the locust during flight [19] . The forewing and hindwing removed from a locust bred in the Carleton University colony is shown in Figure 5 .
A thorough investigation of locust wing morphology can be found in ref. [21] . The locust hindwings have a corrugated structure with many cross veins, as shown in Figure 6 . The wings also have a broad "vannus" which is supported by many veins radiating from the base. The wing corrugation is formed by ridges and furrows created by alternating veins, providing spanwise rigidity to the wing, while enabling chordwise flexibility. Table 1 summarizes body and morphological data collected for 12 male and 13 female adult African migratory locusts (Locusta migratoria) of similar age. Females are significantly larger than males in terms of mass, body length and wing measurements. 
Biologically Inspired Wing Design -Summary
By examining nature's flying creatures, it is evident that flapping flight is a complex balance of unsteady aerodynamics and highly tailored structures. Furthermore, the types of aerodynamic mechanisms and the design of wings can differ among phylum, size, species, and survival requirements. However, nature presents some general trends that can provide insight into the design requirements for MAV design, such as stroke pattern, anisotropy between spanwise and chordwise stiffness, relations between stiffness and wing size, flexibility requirements, and the potential need for surface roughness for improved aerodynamic efficiency.
MANUFACTURING OF BIOLOGICALLY INSPIRED MAV WINGS
As discussed above, the design of efficient flapping wings can be complex, requiring specific tailoring of stiffness and flexibility to achieve the required deformations for efficient lift generation. It is evident that there exists a need for a process that allows custom wings to be designed and fabricated quickly and easily at low cost. There are two approaches that may be taken: a "small-batch" process that allows for parametric changes to small quantities of parts for research purposes; or, a "mass-production" process for the production of repeatable, high quality parts at low cost. As each approach has different requirements, there may not be a process that suits both. Given the state of flapping wing MAV technology, it would be more beneficial to the research community to have an optimized "small-batch" fabrication process that would allow designers to realize design changes efficiently and precisely. This section reviews some of the fabrication methods used to produce flapping wing MAV prototypes.
Rapid Prototyping Technologies
Rapid prototyping (RP), or additive manufacturing, processes may provide solutions to some of the challenges of MAV wing fabrication. These processes are well suited for fabrication of small, complex shapes with accuracy and repeatability, while significantly reducing labour requirements for small batch manufacturing. Rapid prototyping refers to the layer-by-layer fabrication of a 3-dimensional physical object directly from a computer model [22] , and allows for the fabrication of complex shapes, such as internal structures and thin walls, with good dimensional accuracy and repeatability that would otherwise be expensive or even impossible using traditional machining, forging, casting or other methods. Furthermore, there is usually minimal manual labour associated with rapid prototyping. One of the advantages of using an additive process is that there is very little production waste, as opposed to subtractive processes such as machining. Given the nature of this research, where small quantities of various part designs are to be manufactured and tested, rapid prototyping is well suited not only for wing design and manufacture, but for any design development process such as the fuselage or other aerodynamic surfaces. As demonstrated by the RepRap Project [23, 24] , the rapid prototyping process can also be used to create parts for improving and maintaining the rapid prototyping machine itself.
One of the major disadvantages to rapid prototyping processes is that the parts are typically anisotropic in their properties due to the layering process [25] . The effect of this on the structural properties of 3D printed wings remains to be investigated; in fact, anisotropic properties inherent in the process could potentially provide aeroelastic benefits, such as tailored spanwise stiffness and chordwise flexibility which could mimic the effect of wing corrugation found in insects.
RepRap Fused Filament Fabrication 3D Printer
The RepRap Mendel 3D Printer employed in this research uses fused filament fabrication (FFF) to produce 3-dimensional objects from computer models. The Mendel is a 3-axis Cartesian robot which moves the printer tool-head in the x-, y-, and z-axes relative to the build platform, functioning in the same way as a 3-axis computer-numerical-control (CNC) mill, with the exception of using a thermoplastic extruder instead of a milling tool head. In the case of the Mendel, the extruder moves on a gantry along the x-axis, while the build platform moves in the y-axis. For movement in the z-axis, the entire x-axis gantry moves vertically along two threaded rods. Thermoplastic filament is fed into the extruder, where it is melted and extruded through a nozzle onto the build platform. The extruder and build platform simultaneously move back and forth horizontally, depositing molten plastic as it moves until the part cross section corresponding to that layer is complete. The x-axis gantry then moves vertically and the next layer is printed directly on top of the previous layer until the entire part has been fabricated. 
Wing Manufacturing Process Development
The development of the manufacturing process for the wings followed an evolutionary process with the following steps, where each combination was evaluated qualitatively for adhesion, durability and shape:
• Three different vein/film combinations were evaluated: -Polylactic acid (PLA) + polyvinyldichloride (PVDC) film -PLA + polyether ether ketone (PEEK) film -Acrylonitrile butadiene styrene (ABS) + PVDC film • Two basic wing planforms were evaluated: -Biomimetic artificial locust hind wing -Bio-inspired artificial locust hind wing A variety of materials were evaluated during the process development and material selection phase of this project. The typical properties of the constituent materials are provided in Table 2 . The primary structural plastics (ABS or PLA) were extruded in the RepRap Mendel onto one of the two selected film materials (PEEK or PVDC) to produce the wings. 
Biomimetic Wing
The first fabricated prototype wings were based on a locust hind wing with the same shape as the real wing, with four veins evenly distributed across the wing and a rigid perimeter, as shown in Figure 8 . These prototypes were used primarily for proof-of-concept trials and testing of the manufacturing process with different material configurations. The resulting wings were too stiff for flapping wing MAV applications, due to the rigid perimeter, and thus these wings were not used for subsequent aerodynamic testing. The wing planform shape was based on rigid polystyrene wings used for aerodynamic trials by the Carleton University Insect Flight Group. These are a 2:1 scaled-up planform representation of a real locust hind wing, as shown in Figure 9 , having a total wing length of 7.2 cm and a maximum chord of 3.4 cm. The 3D printed wings were designed to have equivalent dimensions to the baseline rigid wings so that a direct quantitative comparison between the rigid wings and the flexible printed wings could be performed. 
Wing Material Selection Trials
PLA Structure with PVDC Film
The first wing prototypes that were fabricated consisted of PLA veins printed directly onto the PVDC film membrane. The adhesion between the PLA and the PVDC was poor, resulting in the membrane detaching from the veins with little to moderate applied force. In some cases, there was no adhesion at all between the veins and the membrane.
It was observed that poor adhesion between the deposited PLA and the PVDC film occurred more often at low ambient temperatures. The likely cause for the poor adhesion was that the molten PLA was cooling too rapidly upon deposition, and that the temperature of the PVDC film was too low. Consequently, the PVDC was likely not heated past its melting temperature upon PLA deposition, and therefore fusion between the PLA and PVDC did not occur. The problem was remedied by pre-heating the build platform plate and PVDC film in a convection oven to approximately 75°C for 10 minutes. Prior to printing, the PVDC film was cleaned with isopropanol to remove any contaminants from the film. The resulting wings showed better adhesion than when printed at room temperature, however the wings still lacked the required durability.
A heated build platform was later integrated into the RepRap Mendel and this allowed the PVDC film to be pre-heated and held at an elevated temperature throughout the printing process. The resulting wings showed good adhesion between the PLA veins and the PVDC membrane material, with good durability.
PLA Structure with PEEK Film
A set of prototype wings was fabricated using PLA as the vein material and polyetherether ketone (PEEK) film as the membrane material. In order to achieve adequate adhesion between the PLA and the PEEK, the build plate and the PEEK film were pre-heated to 70°C in an oven. The resulting wings did not have a durable bond between the PLA and PEEK, with the membrane separating from the veins under moderate applied force. Furthermore, the wing membrane was relatively stiff compared to the PVDC film, and was more comparable to thin paper in terms of flexibility. Therefore, no further testing with PEEK membrane material was performed.
ABS Structure with PVDC Film
Wing prototypes were also printed using ABS as the vein material and PVDC as the membrane material. With the build platform and membrane material at room temperature (approximately 19-23°C), the wings showed very good fusion between the ABS and PVDC. The membrane could not be separated from the veins without damaging the membrane, resulting in a very durable wing. The issue, however, with printing the wings at room temperature was that the wings had a tendency to warp upon cooling due to the mismatch in coefficient of thermal expansion between the film and veins, as well as asymmetric cooling of the deposited plastic, where the upper surface of the wings cools faster than the bottom surface. This resulted in curved wings as shown in Figure 10 . Warping of subsequent wings was prevented by printing wings with the heated build platform set to approximately 100°C. At this temperature, the ABS remains above its glass transition temperature and therefore warping did not occur. Upon removing the wings from the build platform, they were immediately placed between two flat surfaces, such as under a heavy book on a table, in order to allow the wings to remain flat until cooled to room temperature.
The ABS material was consistently easier to print with than the PLA, as it required lower extrusion force and was less prone to clogging in the extruder. Furthermore, printing with ABS provided an excellent fusion bond with the PVDC membrane material, resulting in durable wings without the need for additional adhesive application. Therefore, further testing was performed with ABS and PVDC; however, a more thorough investigation using PLA and other materials is recommended, as these materials may offer better thermal, mechanical, and/or physical properties in the final wings.
Final Material Selection and Reference Geometry
The first wing prototypes allowed for the testing of the wing fabrication process and to evaluate the use of different materials. Based on these initial prototypes, the use of ABS as a vein material and PVDC
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Design and Manufacturing of Biologically Inspired Micro Aerial Vehicle Wings Using Rapid Prototyping film as the membrane material provided the most reliability in fabrication, while possessing desirable properties for flapping wings such as stiffness and durability. However, the wing design was rather complex for use as a starting point for further aerodynamic and structural testing of the wings. Applying changes to the model parameters such as the number of veins, wing span, and aspect ratio were difficult due to the curvature of the leading and trailing edges. The wing planform was further simplified to have a straight leading edge and veins, while approximating the dimensional properties of the initial biomimetic wing such as span, aspect ratio, area and second moment of area. The resulting wing planform can thus be considered "bio-inspired" rather than biomietic. Several bio-inspired wing variations were created in order to perform a parametric study of different wing geometries. These include wings with no internal veins, single veins at angles of 10°, 20°, and 30°, multiple veins, and insect-scale wings. Some examples are shown in Figure 12 . As a comparison to the mass of the locust wings summarized in Table 1 , 3D printed wings with no veins had an average mass of 0.35 g. The simplified, bio-inspired wings shown in Figure 12 were designed and manufactured for structural and aerodynamic testing in order to investigate the following as described in the following sections: 
2.
Determine the spanwise and chordwise stiffness of different wing designs 3.
Assess the repeatability of the manufacturing process by comparing structural and aerodynamic properties of wings of the same design 4.
Assess the feasibility of the design, manufacturing, and testing process for parametric design studies
AERODYNAMIC TESTING 4.1 Calculation of Vertical Lift Coefficient
The lift performance of the wings was evaluated based on the coefficient of vertical lift, C V , in the same way conventional airfoils are evaluated based on the coefficient of lift, C L . Since flapping wings generate both lift and thrust, the net force is broken into vertical and horizontal components (C V and C H respectively). Because the spinner apparatus used in these tests was only capable of measuring vertical force, only C V results are presented in this paper. The spinner test apparatus used in the present research was developed from similar devices described previously in literature and is described in section 4.2 below [26] [27] [28] [29] . In essence, the flow over the spinning wings approximates the flow regime seen during the downstroke phase of flapping wing flight when the majority of lift is generated. The coefficient of vertical lift is derived in the same manner as C L for a conventional airfoil, where:
In the above equation, L is lift force, ρ is air density, v is free stream velocity, and S is wing planform area. In the case of a spinning wing, the equation for vertical lift coefficient becomes:
In this case, ω is the speed of rotation in radians·s -1 , and S -is the second moment of area of the wing or wings, depending on how many wings are mounted on the spinner apparatus. The second moment of area is important because it accounts for the fact that the airspeed is greater at the wing tip than at the root, and therefore the wing tip will have a greater effect on the overall lift for a given chord length. The rotational velocity used during the test was determined based on the typical Reynolds number of 5600 experienced by a real locust, weighing approximately 2 g. For comparison, the Reynolds number for a conventional fixed wing airplane such as a Cessna 172 with a maximum takeoff weight of 1043 kg is approximately 5×10 6 -approximately 1000 times higher [30] . For a rotating wing, the Reynolds number is calculated by: (4) where c -is the average wing chord, u -is the wing tip velocity, and ν is the kinematic viscosity of air [2] . Since: (5) where R is the wing radius, or wing length from the centre of rotation to its tip, thus the rotation speed can be calculated by:
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Given that the average chord of the 3D printed wings was 25.4 mm and the wing length, or radius, was 66 mm, the required rotational frequency for the 3D printed wings was approximately 8 Hz to give Re=5600.
Spin Rig Design
The spin testing apparatus was acquired from the Carleton University Department of Biology's Insect Flight Group, and is based on the apparatus used by Nachtigall [27] in a study of rotating model locust wings, and later by Usherwood and Ellington [28, 29] in their study of the aerodynamic performance of the hawkmoth (manduca sexta) wing. Additional modifications to its use for the present project were also undertaken and are described below.
The apparatus, shown in Figure 13 and Figure 14 , includes a wing spinner, a knife-edge fulcrum, and a precision balance. The spinner is constructed from aluminum, and houses a direct-current (DC) motor which rotates a vertical shaft. Wings are secured to an adapter attached to the top of the rotating shaft via small metallic rods bonded to the wing root. The DC motor is controlled by a speed controller which varies the input voltage to the motor and thus motor speed, via a pulse-width modulated (PWM) signal generator. The motor rotation speed was measured using a stiff wire attached to the spinner's rotating shaft which passed through an infrared optoelectronic-switch which was monitored by an oscilloscope.
Lift force generated by the spinning wings was measured using a digital balance (AND, model HA-120M). Since the mass of the spinner exceeded the measurement range of the balance, a counter-weight nearly equivalent to the combined mass of the spinner and wings was placed on the opposite side of a knife-edge fulcrum. The fulcrum also helped to isolate the digital balance from vibration caused by the spinner, as well as any downwash effects from the wings during spinning. A needle extending from the counter-weighted side of the fulcrum applied the reaction force due to wing lift onto the digital balance. With the wings stationary, the digital balance measured a mass in the range of 10 to 20 g, depending on the amount of counter-weight used, which was well within the balance's measurement range of 120 g. The balance had a precision up to 0.0001 g. By zeroing the balance at this point, the lift generated by the wings while spinning could be measured. Lift measurements were taken at least 30 seconds after starting the spinner, which allowed the wing wake to develop and reach a steady state [28] . 
Data Reduction and Results
Results for Real Locust Wings
To provide a basis for comparison, wings from real locusts were tested in the same manner as the artificial wings. The measurements of the wings are summarized in Table 3 and the results of the spin tests are shown in Figure 15A and Figure 15B . The peak lift coefficients ranged from 1.26 to 1.78, which were achieved at angles of attack between 40 and 60 degrees. The variation in lift values between each wing may be attributed to the variation in camber resulting from the attachment of the wing mount. Each wing showed a gradual loss of lift at high angles of attack, as compared to many conventional airfoils which generally stall at much lower angles, between 15 and 20 degrees. While the locust A wings produced higher lift than those of locust B, the locust B produced higher lift coefficients. The difference may be attributed to the amount of camber of in each wing, which may be different due to the bonding of the wing mount. A higher lift coefficient for the smaller Locust B wings implies that it is generating more lift for its size than the larger Locust A wings. The locust wings were then tested in pairs. The spin test requires either two right wings or two left wings to be tested together. Because the spinner rotates in one direction, using the left and right wing from a single locust would necessitate mounting one wing of the pair upside down for the spin test. The asymmetry (one wing dorsal side up, the other dorsal side down) could affect the results of the spin test and therefore we opted to test two wings from the same side of a locust. Ideally the chosen wings would be equal in mass and size, but this is was not possible given the specimens available for this study. As such, the right wings of locusts A and B were tested together, and the left wings of locusts A and B were tested together. Since the wings are of different size, the calculation of the lift coefficient took into account the second moment of area of each individual wing by summing the lift coefficient contribution from each wing. Results in Figure 16 show that the left and right wings tested together as a pair produce a lower overall lift coefficient than a wing tested singly. This is due to a loss in efficiency likely resulting from the wake of the opposite wing. Similarly, if one considers the propeller in a fixed wing aircraft, an increased number of propeller blades generally reduces a propeller's propulsive efficiency. However, this may not apply to flapping flight, since the wake interactions would likely be different for flapping wings than for revolving wings. Furthermore, the wake will have less of an effect since the insect, or MAV, is steadily moving forward.
Results for Artificial Wings
Since the 3D printed wings are larger than the real locust wings, the rotational frequency was set to 8 Hz in order to achieve approximately the same Reynolds number of 5600. During the testing, it was difficult to achieve exactly 8 Hz, however the motor tended to settle at 8.4 Hz consistently, which corresponded to a Reynolds number of 5922. Nevertheless, the calculation of C V at each data point uses the frequency Figure 17A , while peak vertical lift coefficient values (C v, max ) are given in Figure 17B . The configurations tested included wings with no veins, single veins at 10°, 20°, and 30°to the leading edge respectively, and multiple veins at both 10°and 40°.
Results given in Table 4 , Figure 17A and Figure 17B show that the highest lift coefficient values are achieved with veins at 20°and 30°. Wings with no veins produced the least amount of lift. Interestingly, wings with no veins or a single vein at 10°continue to produce positive lift at angles of attack as high as 100°. This is most likely due to these wings being sufficiently flexible to twist into a positive angle of attack under aerodynamic loads, resulting in positive lift generation [26] . In most cases, maximum lift is generated between 40°and 50°angle of attack. The peak lift coefficients also exceeded that of the real locust wings at high angles of attack; however, the real locust wings produced a higher vertical lift coefficient at angles of attack below 30°. The locust wings likely outperform the artificial wings due to their cambered airfoil shape, while the artificial wings are relatively flat. 
Design and Manufacturing of Biologically Inspired Micro Aerial Vehicle Wings Using Rapid Prototyping
Lift performance of wing pairs in each vein configuration as compared to real locust wings are shown in Figure 18 . Similar to the insect wings, when spun in pairs, the wings produce a lower overall lift coefficient. Wings with veins at 20°and 30°both achieved the highest lift coefficients, while the wings with no veins were able to sustain higher lift at high angles of attack. In order to test the repeatability of both the test method and the manufacturing process, multiple wings in each configuration were tested. Figure 19A and Figure 19B show the results of tests on wings with single veins at 10°and 30°respectively. In each case, all wings of a given planform were fabricated in the same batch. The tests showed that the wings of the same configuration perform comparably, with all data points falling nearly within one standard deviation. The standard deviation among the different wings (σ avg = 0.081) was larger than that of the experimental test set-up (σ avg = 0.024), suggesting that the variance in performance between each wing is due to the fabrication process, and not due to error in the testing method. 
WING STIFFNESS MEASUREMENTS
Flexural stiffness tests were performed in order to compare the stiffness of the 3D printed prototype wings with trends found in nature, as well as to quantitatively compare the spanwise and chordwise stiffness distributions of the different wing designs. Wing stiffness was measured by installing the wing onto the spin rig such that it was flat (0°angle of attack) and tightened such that it could not rotate as shown in Figure 20 . The spin rig was mounted on the knife edge fulcrum, which in turn pressed on the digital balance in the same manner as in the spin testing. Digital calipers were mounted to a stationary stand and were used to apply a bending force to the wing. The calipers were zeroed at the point where they were touching the wing, but not exerting any force on the wing (as measured by the digital balance). The caliper was subsequently moved a prescribed distance, applying force to the ventral (bottom) surface of the wing, and bending the wing upward. The reaction force was obtained from the digital balance. The flexural bending stiffness, EI, of the wings was calculated as: (7) where F is the applied bending force, L is the beam length, and δ is the displacement. The bending stiffness EI is a function of both the wing's material properties (modulus of elasticity, E) as well as geometric properties (second moment of area, I). For each wing design, the bending load was applied at 75% of the span and at 75% of the chord. Displacements ranged from 1 mm to 6 mm, with the reaction force measured at each displacement value. However, the bending stiffness relationship given by equation 7 is only valid for small displacements [31] therefore deflections that exceed δ > 0.05*L were disregarded. The average bending stiffness recorded for each wing is listed in Table 5 . Combes and Daniels [31] showed that a relationship exists between wing span and stiffness, as well as wing chord and stiffness, that holds across many different insect species. The results from spanwise and chordwise bending stiffness measurements in the present study are shown in Figure 21 for each printed wing type. Comparable data from actual locust wings was not available as the wings used in the aerodynamic testing portions of this project had dried out. Instead, we have included the historical trendlines for spanwise and chordwise stiffness relationships from Combes and Daniels [31] . The results show that the spanwise stiffness of the 3D printed wings is only slightly lower than what is predicted by the historical trendline. However, the chordwise stiffness of the 3D printed wings is much higher than what is predicted. The study by Combes and Daniel [31] also showed that spanwise stiffness is 1-2 orders of magnitude larger than the chordwise flexural stiffness. A comparison of the spanwise and chordwise stiffness is shown for each prototype wing type in Figure 22 . Spanwise stiffness is highest for wings with a vein angle of 20°, while also having the lowest chordwise stiffness. It is to be expected that as spanwise stiffness increases, the chordwise stiffness decreases, with smaller vein angles contributing to a higher spanwise stiffness. Wings with vein angles of 20°and 30°produce the highest overall lift performance, which suggests that a higher spanwise stiffness produces higher lift. The bending force was also applied dorsally (from the upper surface) in order to compare the bending stiffness in both the upward and downward directions. It was hypothesized that the membrane on the lower surface of the wing may shift neutral axis of wings, resulting in a lower downward bending stiffness similar to "peanut" shaped leading edge veins found in insect wings shown in Figure 23 . Figure 23 : Cross sectional view of a locust wing vein, showing asymmetry in the structure of the vein which makes it more resistant to upward rather than downward bending (enlarged area shows typical cross-section shape, not actual section of the pictured wing).
As shown in Figure 24 , wings with no veins and wings with a vein at a 10°angle the bending stiffness in the upward and downward direction are not significantly affected by the membrane. This is likely because the membrane is very flexible and does not carry a significant portion of the bending loads at small deflections. 
CONCLUSIONS
Spin testing on wings with different radial vein angles showed that wings with veins at 20°and 30°s howed the highest peak vertical lift coefficients. In fact, the peak lift coefficients exceed those of the real locust wings. The locust wings, however, produced higher lift at angles of attack below 40°, while the 3D printed wings sustained high lift at angles of attack between 40°and 100°. This is likely due to the naturally cambered shape of the locust wings. The 3D printed wings generally only produce camber due to air loads at higher angles of attack, and were flat at low angles of attack. Wings with a single vein at 20°showed the best overall vertical lift generation, with high lift throughout the range of angles of attack. Wings with no veins generally performed poorly compared to the other wing designs. The vertical lift coefficient values and trends compared well with those given in literature for other flying Flexural stiffness measurements performed on the wings showed that the spanwise wing stiffness correlates well with trends found in nature; however, the chordwise stiffness of all wings was found to be much higher than in nature. Stiffness measurements also showed that the wings with the highest lift generation also had the highest spanwise stiffness, as well as the highest ratio between spanwise and chordwise stiffness. This agrees well with the literature, in that spanwise stiffness and chordwise flexibility is important in flapping wings.
Without a measurement of drag force, a comparison of the overall net aerodynamic performance of the artificial wings versus real locust wings cannot be made. This, however, should be explored in future testing. Furthermore, spin testing does not fully represent the aerodynamics of a flapping wing in flight, nor does it account for the dynamic conditions of the wing during flapping flight, such as inertial deformations and wing durability. Flapping tests should be performed using a flapping apparatus to more accurately simulate these flight conditions and further evaluate each wing's aerodynamic and structural performance. Further testing of the wing's structural properties is also recommended, including determination the material and geometric properties of the wings and exploration of structural design optimization strategies.
In summary, a feasible biologically inspired design and manufacturing strategy for flapping wings has been developed and validated through experimental testing. During the fabrication trials, aerodynamic testing and stiffness measurements show the artificial wings have comparable vertical lift coefficients to real locust wings. Furthermore, the use of fused filament fabrication simplified the testing process and allowed inexpensive wings to be fabricated quickly.
